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Evaluation of Selected One-Dimensional Stream
Water-Quaiity Models with Field Nata

Abstract

An evaluation of the 7J.S. Geological Survey One-Dimensional Steady-
State Stream Water-Quality Model (a modified Streeter-Phelps model), the
OUAL II model (Southeast Michigan Council of Governments version), and
the Water Quality for River-keservoir Systems model indicated that the
models were of comparable accuracy and performed according to the
documentation for each of thz2se readily available models. The evaluation
was based on a wide range of accurate steady-state data collected on the
Chattahoochee River in Georgia, Willamette River in Oregon, and Arkansas
River in Colorado. '

A number of differences existed between these three models. However,
each model has the flexibility that makes these differences relatively
unimportant for typical water-aquality studies. 1In addition to some
differences in the formulation, each model had minor coding errors which
have been corrected.

Modeling capabilities were summarized in tabular form to assist
with the selection of models to simulate stream water-gquality downstream
of reservoirs. While the modified Streeter-Phelps and QUAL II models
are equally valid, different modeling options may make one model preferable
depending on the specific modeling application. The Water Ouality for
River-Reservoir Systems model is best limited to dynamic flow and water-
quality modeling hecause data coding is tedious and involved. However,
the wide range of components in that model may be needed for steady-state
modeling under special conditions.

The capabilities of the MIT Transient Water Qualitv Network Model
are also summarized for comparison but that model could not be implemented
because of program problems. Pending a review and update, that model
should not be used by an ir.experienced user.

The Velz rational technigque was not fully evaluated to determine the
usefulness of the documentation or the ease-of-use but the selection of
the Chattahoochee and Willamette river data made it possible to determine
that the technique was of comparable accuracy.






PREFACE

The study described in part by this report has been undertaken by
the U.S. Department of the Interior, Geological Survey, at the Gulf
Coast Hydroscience Center (GCIIC*). The purpose of the study was to
evaluate and compare one-dimensional stream water-quality models.

Funding was provided by the U.S. Army Corps of Engineers (COE) Environ-
mental and Water Quality Operational Studies (EWQOS) Program through the
U.S. Army Waterways Experiment Station (WES) by Interagency transfer
WESRF B80-97 dated 7 November 1979. The study is part of EWQOS Task

IC.3, Improve and Verify Riverine Water Quality and Ecological Predictive
Techniques. The EWQOS Program is sponsored by the Office, Chief of
Engineers, and is assigned to the WES, under the purview of the Environ-
mental Laboratory (EL).

Dr. S. C. McCutcheon served as principal investigator, with the
technical and administrative suppart of Mr. Marshall Jennings.

Dr. Robert Raker, Chief of GCiiC, provided general administrative support.
Doyle Frederick, Acting Director of the Geological Survey, approved the
publication of this report. Technical assistance at GCHC was provided by
Mr, Harry Doyle, Hydrologist; Mr. Philip Curwick, Hydrologist; Miss
Kathleen Flynn, Computer Specialist; Mrs. Joy Lorens, Computer Specialist;
and Miss Leslie Hallman, Mr. Xenneth Burton, Mr. Alan Guess, Miss Rebecca
Breeland, Mr. James Gibson, and Miss Cynthia Faulk, co-op students. The
report was written by Dr. McCutcheon.

Three Geological Survey offices, the Georgia District Office, the
Oregon District Office, and the Pueblo, Colorado, Subdistrict Office
provided data used in the study. Mr. Robert Faye furnished information
about the Chattahoochee River, Georgia. Messrs. Frank Rinella and Stuart
McKenzie provided ihformation about the Willamette River, Oregon. Messrs.

Douglas Cain, Kimball Goddard, and Ronnie Steger furnished information

ahout the Arkansas River, Colorado.

* For convenience, abbreviztions are listed and defined in the Notation
(Appendix A).



Mr. Rich Johnson, U.S: Army Corps of Engineers, Portland, Oregon,
 Mr. Naresh Varma, James M. Montgomery Consulting Engineers, Inc., and
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describing the channel of the Willamette River. .

Mr. R. G. Willey and Dr. Michael Gee, U.S. Army Hydrologic
Engineering Center (HECB, gave advice and assistance in the use of the
Water Quality for River-Reservoir Systems Model. Mr. Michael Mullen and
Dr. Frank Tatom of Engineering Analysis, Inc., provided advice and
information concerning the Massachusetts Institute of Technology (MIT)
Transient Water-Quality Network Model.

The study was conducted under the direct WES supervision of
Dr. D. E. Ford and Mr. Aarcn Stein and under the general supervision of
Mr. D..L. Robey, Chief, Ecosystem Research and Simulation Division,

Dr. J. Harrison, Chief, EL, and Dr. J. L. Mahloch, the EWQOS Program
Manager.
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Station, CE, Vicksburg, Miss.
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EVALUATION OF SELECTED ONE-DIMENSIONAL STREAM

WATER-QUALITY MODELS WITH FIELD DATA

PAPT I: INTRODUCTION ~

EWOOS and Stream Water Ouality

The WES has recognized the need to predict stream water quality
downstream of reservoirs in order to derive the greatest benefits from
reservoirs and the river downstream of reservoirs. To address this need,
a component of the EWQOS procgram was designed to evaluate the four most
likely stream water-quality models (digital computer programs). Because
the U.S. Geological Survey (1iSGS) has an active interest in stream water-
quality modeling and data collection, the GCHC and WES agreed to coop-
erate in an evaluation of stream water-quality models. Data collected
by the USGS in several river basin studies made it possible to evaluate
stream water-cquality models using a wide range of field conditions.

The prediction of stream water-quality using mathematical equations
can be traced at least as far back as the work of Streeter and Phelps in
the 1920's. Since that time, predictive techniques have been improved
and refined. The advent of practical digital computers in the early
1960's led to a proliferation of computer models describing physical
systems that included a number of stream water-quality models. Water-
quality modeling has improved to the point that these models are useful
tools in understanding and predicting physical, chemical, and biological
interactions occurring in streams.

The existence of numercus useful models for stream water-quality
analysis makes it difficult to match the appropriate model to stream
conditions for the purpose of accurately modeling stream water quality.
To provide some guidance in mcdel, selection, four representative models

were chosen for examination in this study.

Proieact Goals and Scone

This study was undertaken to examine four models, briefly review



the literature concerning cno-dimensional water-quality models, select
a data bhase to be used to evaluate the models, and assess the need for
further study.

Models included in this evaluation and comparison were a modified
Streeter-Phelps model entitled the "Steady-State Stream Water-Quality
Model," the Southeast Michigan Council of Governments (SEMCOG) version
of the QUAL II model, the "Water Quality for River-Reservoir Systems"
(WQRRS) model, and the "MIT ‘Transient Water?Quality Network Model." The
USGS version of the Streeter-Phelps model (referred to hereafter as the
Streeter-Phelps model) and the QUAL II model were designed to predict
water quality under cgnditions of steady flow and waste loading. The
QUAL II model has the capatility to predict time-varying concentrations
of temperature, dissolved cxygen (DO), chlorophyll a, and nutrients in
response to dynamic meteorclogical conditions and steady flow. The
WQRRS and MIT models are dynamic models. Both were designed to predict
time-varying stage, flow, and water quality.

Originally, a fifth wodel entitled "USGS Transient Model" was
considered. After a brief review indicated that the model was not widely
used, this model was dropped from consideration so that more time could
be devoted to the other four models.

A brief literature review was aimed at confirming that the four
models mentioned above were state-of-the-art or that the models had been
used frequently under a variety of conditions and a general perception
existed that these models were useful and valid. Other goals were to
locate the most accurate set of steady-state data and confirm that a
paucity of dynamic water-quality data existed.

To assist in the model evaluation, three USGS data sets were
selected from steady-state water-quality studies in which flow and water
quality in the stream were essentially constant. The first set was
collected during the Chattahnochee River quality assessment in Georgia.
The second set was collected during the Willamette River quality
assessment in Oregon. The tuird data set was collected during a study
of the Arkansas River in Colurado by the USGS for the Puebhlo County,

Colorado, Council of Governments.



These data sets cover a wide range of steady-state stream water-
quality conditions. The Willamette River is a large sluggish stream
that has three distinctly different reaches. The,Chattahoochee River is
of moderate size with moderatec hottom slopes. The upper Arkansas River
is a small stream with a hich channel slope. Each stream was studied to
determine the effects of point source and nonpoint source pollution
associated with urbanization.

Each stream was characterized by different critical low-flow
conditions. The Willamette River typically reaches a steady low flow in
late summer and maintains it for about two months. The Chattahoochee
River is requlated by an upstream peaking-power dam such that periods
of steady low flow are normally limited to late summer weekends. The
upper Arkansas River has two periods of steady low flow: one in April
before the annual snowmelt and one afterwards from August to September.

Besides choosing data to cover a wide range of conditions, the data
were also chosen so that indenendent determinations of some model coeffi-
cients were possible. In addition, the data were checked for accuracy
and precision. Ouestionahle data were labeled in the results or removed.

Each of the three data sets consisted of at least two independent
subsets. One subset of data was userf in calibrating the models in which
model coefficients were adjvusted so that model simulations matched
water~auality measurements contained in the calibration data. Since the
process of adjusting coefficients was an empirical process, a second
subset of data was necessary ro verify the calibration. The model results
were compared to the independant subset of verification data without
modifying the model coefficients to determine whether or not a model
would adeqguately simulate water auality in a given stream.

The models included in the evaluation were first examined by
reviewing the documentation of each model in order to summarize the
conditions the models were designed to simulate and the capabilities of
each model. During the application of each model to the data, as many
options were used as time permitted. The Streeter-Phelps, QUAL II, and
WORRS models were calibrated 1:sing all three data sets. The MIT model

could not be applied to the data because of errors in the model or the
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data that was coded for the wodel. An indepth review and modification
~of the computer code was outside the scope of this project. The Streeter-
Phelps and QWAL II models wecre also verified for all three data sets
because greater priority was attached to the full evaluation of the
steady-state models with stecady-state data. The WQRRS model was not
verified because the calibration and comparison to the Streeter-Phelps
and QUAL II models indicated that this model was equally valid and of
comparable accuracy. Because the additional complexity and coding
requirements of the WORRS model generally preclude the use of the model
for routine steady-state sinulation in favor of the simpler steady-state
models, the calibration of the WORRS model using steadv-state data was
deemed sufficient to confirm the validity of the model. Furthermore,
the timé available to work with the WQORRS model was limited by the
unforeseen need to correct several errors in the program. These errors
were descrihed to the HEC for their consideration and subsequent
correction.

Data required for the models can be classified as follows: initial
data needed to start the solution; driving data that describe headwater,
tributary, and surface fluxes of mass and heat; coefficient data; and
‘calibration and verification data. Because steady-state applications
were made, the initial data were relatively unimportant. The driving
data that describe inflow guality and quantity were derived from
measurements so that the same information was used in each model.

Model coefficient optimization was avoided whenever possible by
using independent determinat.ons of coefficients. In addition, coeffi-
cients were standardized for all three models to assist in determining
the effect of different model formulations. This isolated the effect
of model differences but on occasion led to less than perfect agreement
between predictions and measurements.

The data describing instream water quality were used to determine
if the model calibration and verification were reasonable. Whether or
not the agreement between predictions and measurements was reasonable
depended on the constituent, precision of measurements, trends of

predictions and measurements, and the maximum difference between
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predictions and measurements.
Modeling results were cbtained in the following fashion:

1. Travel time and the hydraulic conditions were specified as
" input data from measurements or the model was calibrated to
accurately reflect the measurements available.

2. Water temperature was specified or the model calibrated
to predict water tromperature.

3. Each model was calibhrated to predict hiochemical oxygen demand
{ROD), organic nitroqen, ammonia, nitrite, and nitrate in that
order or the indepcndently determined coefficients were checked
for accuracy.

4. Because reaeration and henthic demand were estimated from
measurements or other independent studies, what remained was
to compare the DO nredictions to measurements to determine
if these measurements or estimates were adequate.

S. As time permitted, minor constituents were simulated.

6. Following calibration, the Streeter-Phelps and QUAL II models
were verified with independent data sets.

In reviewing the literature, it became evident that the Velz (1970)
rational method is also perczived as an appropriate water-quality model.
The detailed examination o+ the model was outside the scope of this work
~ but the choice of the Chattahoochee and Willamette river data for this
study made it nossible to include the results of previous studies using
the Velz rational method. This made it possible to determine the
accuracy and validity of the Velz method hut not the efficiency, eaée-of-

use, or utility of the documentation.

Objectives of the Revport

This report describes the study undertaken to evaluate and compare
four stream water—auality models. The introduction explains the purpose
and goals of the project and describes the objective of this report.

The next section describes tne brief literature r;view. The model
capabilities outlined in the documentations are examined in the following
section and model capabilities are summarized. The following section
describes the data sets that were selected for this study and presents any

water-quality data that was not available in other publications. 1In the
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next three sections, modeling of the Chattahoochee, Willamette, and
Arkansas rivers is described. Finally, a summary is given, the conclu-
sions from the model evaluation are stated, and recommendations for

additional study are presented,

i3



PART II: SELECTIVE RKVIEW OF STREAM WATER-QUALITY MODELING

Stream Water-Quality Models

Models in general use \

The four models selected for evaluation using field data include
the USGS version of the Streeter-Phelps model; the JUAL II model-SEMCOG
version; the WORRS model; and the MIT model. The Streeter-Phelps model
and the QUAL II model. are limited to streams with steady flow while the
WORRS model and the MIT model are dynamic models that simulate unsteady
flow and water quality.

- The following sections tend to confirm that except for the MIT
model, these models are ger~rally accepted by water-quality modelers.
Each model has a standard dccumented computer code that can be easily
obtained from U.S. Government agencies. The Streeter-Phelps, QUAL II,
and WORRS models are periodically reviewed and updated as needed. The
USGS, U.S. Environmental Protection Agency (EPA), and COE resolve
questions and provide assistance for the use of these three models.

The MIT model does not receive the same level of support.

Previous reviews of water-quality modeling techniques such as
Ambrose and others (1981), Harper (1971), and Lomhardo (1973) and texts
by Rich (1973) and Thomann (1274) tend to compare formulations or
capabilities described by the model documentation. Harper assessed
various mathematical algorithms used by several models. Ambrose and
others (1981) offer an extencive list of stream water-quality models but
their examination focused on water-quality models for upland streams
that enter estuaries. Lombardo reviewed models for streams, lakes, and
estuaries, listing model capsbhilities along with limited detai_s on each
model. The works of Harper and Lombardo were published prior to the
creation of model versions used in this evaluation.

Two previous inter-model comparisons using field data were located
in the literature. Bauer, Steele, and Anderson (1978) made a rigorous
comparison of the Streeter-Phelps and Pioneer I models using data

collected on the Yampa River in Colorado. Both models were equally
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accurate in predicting DO and BOND. Different model formulations led to
minor differences in nutrient concentrations. Willey and Huff (1978,

pp. H-1 to H~6) compared the WORRS model to the DOSAG II model under
conditions of steady flow and waste loading for the Chattahoochee River
in Georgia. Despite differences in stream velocity, reaeration
coefficients, and BOD loading and decay, it was claimed that the modeling
results of the WORRS model and the NDOSAG II model "compare adequately."”
USGS version of the séreetex-Phelps model

The USGS version of the Streeter-Phelps model titled "One-Dimensional
Steady~-State Stream Water-Quality Model,” (Bauer, Jennings, and Miller,
1979) has been used by USGS district offices working with state and local
government agencies (Bryant, Morris, and Terry, 1979; and Wilber and
others, 1979). In addition, the model has also been used as a research
tool (Miller, 1981). Bauer, Steele, and Anderson (1978) compared the
Streeter-Phelps modelAto the Pioneer I model with data collected during
the river basin assessment of the Yampa River, Colorado, under steady
conditions. The studies mentioned above using this computer code and
numerous other studies using the Streeter-Phelps equation confirm that
this model is perceived as generally useful for steady-state simulations.

QUAL II model

The QUAL II model receives extensive use. The EPA recommends the
model based on ease of use, effectiveness, adequate documentation, and
general acceptance by water-cuality modelers. The modular design of the
computer code also lends flexibility. A number of documented applications
(Willis, Anderson, and Dracup, 1976; Barnwell, 1978; Grenney, Teuscher,
and Dixon, 1978; and Roesner, Giguere, and Evenson, 1977B) on different
streams confirm the utility nf the QUAL II model in waste assimilative
capacity studies of streams.

In a review of the QUA). IT model, the National Council of the Paper
Industry for Air and Stream Tmprovement, Inc. (NCASI, 1980) noted that
the models in the QUAL series, QUAL I, QUAL II, and QUAL III, are similar.
Differences are limited to tne number of water-quality constituents that
are simulated and the formulation used to describe particular water-

quality variables. The NCASI also notes that several versions of the
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QUAL II model exist besides the SEMCOG version used in this model
evaluation. These include rhe State of Texas version that has variable-
temperature correction coefficients, sensitivity analysis, and plot
output; the EPA version thar simulates organic nitrogen but excludes
steady-state simulation of algae and temperature; and a version of

We J. Grenney of Utah State University that has modifications to the
numerical solution algorithm. Of the available versions, the NCASI chose
the SEMCOG version to recommend for use by the paper industry.

WORRS model

The WORRS model (Smith, 1978) mav be the best supported water-
quality model discussed in this report. The HEC provides advice on all
aspects of model use and continually updates the program as new techniques
become available. The WORRS model was originally designed as a large
basin model and was applied to the Trinity River Basin in Texas.

The HEC has demonstrated the utility of the program with two
studies. Willey, Abbott, and Gee (1977) used the WORRS model to evaluate
storm runoff effects and sediment transport in the Oconee River in
Georgia. willey,and‘Huff (1978) studied urban effects of Atlanta,
Georgia, on the Chattahoochee River.

MIT model

The MIT model (Harleman and others, 1977) was designed to model
estuaries and rivers, but a majority of applications involved estuaries.
The MIT model results from a number of studies undertaken at MIT.
Nutrient modeling, as descriked by Najarian and Harleman (1977) is sophis-
ticated but is valid only for nitrogen-limited waters. Sedimentatjon
and scour were not considered in formulating the model. Thatcher, Pearson,
and Mayor-Mora (Ambrose and cthers, 1981, p. 144) applied the MIT model
to the St. Lawrence River. Tatom and Mullen (1977) applied the MIT
model to a freshwater stream and shallow-lake network in Louisiana.

While the studies mentioned confirm the validity of the use of the
MIT model for estuary modeling, this brief literature review did not find
a steady-state riverine application. Therefore, it was not possible to
confirm the validity of the MIT model for simulating river water quality

using the literature readily available.
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Other models

Besides these four models mentioned above, the literature review
indicates that there are several other models of comparable accuracy.
Ambrose and others (1981) offers an extensive listing of stream water-
gquality models that seems to be complete except for recently published
water-quality models such as Jobson (1981).

Models such as the Velz rational technique, Pioneer I, and DOSAG,
among others, have been used frequently under a variety of conditions
but seemed to have less pot.ential than the models chosen for evaluation.
Unlike the Streeter-Phelps, QUAL II, and WQRRS models, these models are
rarely reviewed and updated. In some cases documentation is altogether
lacking or lacks detail. The Velz rationl method lacks a standard
general-purpose computer code. Perhaps the establishment of a steady-~
state data bhase in this study will lead to future comparisons with models

that were outside the scope of this project.

Steady-State Data Base

USGS Studies

Three data sets were celected from USGS files after considering
the accuracy of the data, range of conditions described by the data, and
geographical location of the study sites. Based on these criteria,
studies of the Chattahooch~2c, Willamette, and Arkansas rivers were the
three best studies availabte to use in examining steady-state water-
quality models.

In terms of accuracy, the series of USGS river-quality assessments
that included the Willamette, Chattahoochee, and Yampa rivers are among
the best available. Great care was taken in the planning and execution
of these studies. 1In addition, the studies were free of any constraints
normally associated with the requlation of waste discharges.

The USGS files also contained a second group of studies performed
under cooperative agreements with state and local governments to
determine the waste assimilarive capacity of various stream segments.

These studies were modeled after the river guality assessments hut tended
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to concentrate on specific requlatory problems such as waste load
allocation. In general, the studies were shorter, few constituents were
measured, and the measurements were less reliable. The study of the
Arkansas River in Colorado, one of the better studies under this cooper-
ative program, is an exception to this general rule.

The Willamette, Chattahoochee, and Yampa river data describe
a wide range of conditions; however, the Yampa River is part of the
Colorado River basin whereas the Arkansas River is part of the Mississippi
River basin. Because the Arkansas River data seems to be as reliable
and covers about the same range of conditions as the Yampa River studies,
this data was selecteé alorng with data from the Willamette and Chattahoochee
studies to form a data hase for the model evaluation.

Other data sources

The EPA and state pollution control agencies also collect compre-
hensive sets of stream water-quality data sﬁitable for modeling. However,
these data are not widely distributed. The accuracy and reliability of
the data varies from state to state.

In the past the EPA has concentrated their efforts on model devel-
opment rather than data collection. Lately, a more balanced approach has
been taken. The EPA (Barnwell, 1978) recently compiled calibration and
verification data from a study of the Holston River in Tennessee. . In
addition, the EPA is fundira the University of Florida to search the
literature and compile datz bases describing stream, lake, and estuary
water quality and urban ruroff quantity and quality.

Dynamic water-quality data

A review of USGS files along with limited inguiries to other
agencies confirms that a paucity of dynamic water-quality data exists.
This confirms the need for a synoptic data collection effort similar to
the USGS river-quality assessments for which discharge and tributary
water quality varies significantly over the period of study. A reliable
data base would assist in the development of dynamic water-quality models
by providing a standard to which model predictions could be compared and

validated.
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The best available dynamic water-quality data from the USGS was
collected during the Chattahoochee River study. Jobson and Keefer (1979)
made frequent measurements of flow, temperature, and dye concentrations
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